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ABSTRACT: Lipases (E.C. 3.1.1.3) have been extensively
used to achieve various esterification reactions in water-re-
stricted or water-free media. In the present study a puri-
fied thermotolerant alkalophilic extracellular lipase of Bacil-
lus coagulans MTCC-6375 has been efficiently immobilized
onto a synthetic poly (MAc-co-DMA-cl-MBAm) hydrogel
by surface absorption, and the bound lipase was used to
perform short-chain fatty acid ester synthesis in n-alka-
ne(s). The hydrogel bound lipase resulted in approxi-
mately 67 mM of isoamyl acetate at 558C in n-heptane
under shaking in 15 h when vinyl acetate:isoamyl alcohol
was used in a ratio of 100 mM:100 mM. Addition of a mo-
lecular sieve (3 A˚  1.5 mm) to the reaction system at a
concentration of 25–500 mg per reaction volume had dele-
terious effect on the conversion of reactants to isoamyl ace-
tate (64 mM). During the repetitive esterification under
optimal conditions, the hydrogel bound lipase produced
31.3 mM of ester after fourth cycle of reuse. Use of metha-
nol and 2-propanol (instead of isoamyl alcohol) resulted in
78.2 and 64.9 mM of methyl acetate and 2-propyl acetate,
respectively, under the optimized conditions in n-
heptane  2008 Wiley Periodicals, Inc. J Appl Polym Sci 109:
1063–1071, 2008
Key words: Bacillus coagulans MTCC-6375; lipase; hydro-
gel; immobilization
INTRODUCTION
Immobilized enzymes are used in many commercial-
ized products for higher yields. The lipases (E.C.
3.1.1.3) that constitute a most versatile group of
enzymes have been used for performing esterification
and trans-esterification reactions in organic solvents.
In the last few years, there has been an increasing in-
terest in the use of enzymes for the biosynthesis of
molecules in organic media.1–5 A few extracellular
thermoalkaliphilic lipases have been reported from
Bacillus sp. Lipase catalyzed reactions, however, have
a major inconvenience that the conversions are rela-
tively low when compared with traditional chemical
processes if crude commercial enzymes are employed.
Thus purification of the enzymatic activity is an im-
portant aspect to study various properties of the pure
enzyme.6 Chelating agents like EDTA inhibits the
metallolipases while others do not.7–8 Structural eluci-
dation of lipases has shown that catalytic site of most
lipases resembles that of serine proteases.9 Immobi-
lized lipases offer economic incentives of enhanced
thermal and chemical stability, ease of handling,
easy recovery, and reuse relative to nonimmobilized
forms.5,10–12 Immobilization also increases enzyme’s
thermal stability.13 Besides the nature/characteristics
of the immobilization matrices/supports, the effect of
solvents on enzyme activity, specificity, and stability
have been extensively studied and many solvent-pa-
rameters have been compared to develop a simple
strategy for choosing the appropriate solvent for each
enzymatic reaction.14–16 A solvent is necessary for sol-
ublizing the substrates, for partitioning the substrates
and products in different phases17 as well as for ester
synthesis or trans-esterification.13,18,19
Esters of short chain fatty acids and alcohols are
known as flavor and fragrance compounds that are
used in food, beverage, cosmetic, and pharmaceutical
industries. Currently, most of the flavor compounds
are provided by traditional methods such as chemical
synthesis or extraction from natural sources. Isoamyl
acetate occurs naturally in the volatile portion of ba-
nana fruit and cocoa bean, and is used in perfumes/
fragrances, as a flavoring agent in nonalcoholic bever-
ages, ice cream, candy, baked goods, and chewing
gum; a solvent for old oil colors, tannins, nitrocellu-
lose, lacquers, paints, formaldehyde, synthetic resins
and waxes, celluloid and camphor; for masking
unpleasant odors and to perfume shoe polish. Butyl
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acetate is often employed in combination with n-buta-
nol in paints, because n-butanol enhances the resist-
ance to blushing and increases the solvency in many
cases. It is also used as a solvent for various nitrocellu-
lose lacquer systems, in perfume manufacture and in
the production of pharmaceuticals and flavoring
agents. Many acetate and butyrate esters are compo-
nents of natural flavors. The reports on the production
of acetate esters are scarce in various organic solvents.
Because of the toxicity of acetate on lipase activity in
enzymic acetylation, the use of acetic acids as acyl do-
nor in transesterification and direct esterification reac-
tions was previously attempted with little or no suc-
cess.20 In the present study, a synthetic poly (MAc-co-
DMA-cl-DMAm) hydrogel bound lipase of Bacillus
coagulans MTCC-6375 has been employed in organic
media to synthesize isoamyl acetate and a few other
short-chain esters by transesterification.
EXPERIMENTAL
Chemicals and reagents
N,N-Methylene bisacrylamide (MBAm), methacrylic
acid (MAc), dodecyl methacrylate (DMA), benzoyl
peroxide, methanol, isopropanol, and acetone were
procurede from Qualigens Fine Chemicals, Mumbai,
India; NaNO3, K2HPO4, KCl, MgSO4.7H2O, FeS-
O4.7H2O, (NH4)2SO4 (S.d. Fine-Chem, Mumbai); yeast-
extract, gum acacia (HIMEDIA Laboratory, Mumbai);
molecular sieve (3 A˚  1.5 mm), sucrose (MERCK,
Mumbai, India); p-nitrophenyl palmitate (p-NPP),
vinyl acetate, isoamyl acetate, n-pentane, n-hexane, n-
heptane, n-nonane, n-hexadecane (Lancaster Synthesis,
England); 2-propanol, Triton X-100 (Qualigens Fine
Chemicals, India); and isoamyl alcohol (Sarabhai Chem-
icals, India). All these chemicalswere of analytical grade
andwere used as received.
Microorganism
The Bacillus coagulans MTCC-6375 isolate was ob-
tained from Department of Biotechnology, Himachal
Pradesh University, Summer Hill, Shimla (India).
Maintenance and subculturing of the
Bacillus coagulans
The microbial culture was maintained by repeated
subculturing at 358C on a Mineral Based (MB) broth
supplemented with 0.5% (w/v) sucrose and 1.0% (v/v)
of cottonseed oil as a sole carbon source (pH 7.0).
Production of lipase by Bacillus coagulans
Seed culture was prepared by inoculating 50 mL of
broth with a loop-full of culture. The culture was
allowed to grow for 36 h at 458C under shaking condi-
tion at 160 rpm (Orbitek shaking incubator, AID Elec-
tronics, Madras, India). Thereafter, 5% (v/v), 36-h-old
seed culture was used to inoculate 500 mL of the pro-
duction medium (50 mL each in 250 mL capacity
Erlenmeyer flasks). The seeded production medium
was incubated at 458C and 250 rpm for 60 h (Orbitek
shaking incubator, AID Electronics, Madras, India).
Three batches of 500 mL each were used to obtain
crude lipase.
Preparation of crude lipase
The culture broth was centrifuged at 10,000  g for
10 min at 48C (SIGMA 3K30, Germany). The cell-pellet
was discarded and the supernatant was retained.
The supernatant was filtered through Whattman pa-
per No. 1. The protein was assayed by a standard
method.21 This filtrate/broth preparation was hence-
forth referred as crude lipase. Lipase assay was per-
formed by a colorimetric method.22 The stock solution
(20 mM) of p-nitrophenyl palmitate (p-NPP) was pre-
pared in HPLC grade 2-propanol. The reaction mix-
ture comprised of 75 mL of p-NPP stock solution and
20 mL of crude/purified enzyme or 20 mg of immobi-
lized matrix (weight of matrix included). The final
volume of this reaction mixture was made to 3 mL,
with 0.05M Tris buffer (pH 8.5). The test tubes were
incubated for 10 min at 458C under continuous shak-
ing in water-bath-incubator. The residual lipase activ-
ity was blocked with addition of chilled acetone: etha-
nol (1:1) mixture. Appropriate control with a heat-
inactivated enzyme (5 min in boiling water bath) was
included with each assay. The absorbance of p-nitro-
phenol released was measured at 410 nm (Shimadzu
UV/Visible spectrophotometer, Japan). The unknown
concentration of p-nitrophenol released was deter-
mined from a reference curve of p-nitrophenol (2-50
mg/mL final concentrations in 0.05M Tris buffer, pH
8.5). Each of the assays was performed in duplicate
and mean values were presented. One unit (U) of
lipase activity was defined as mmole(s) of p-nitrophe-
nol released per min by one mL of free enzyme or one
gram of immobilized enzyme (weight of matrix
included) under standard assay conditions. Specific
activity was expressed as mmole(s) of the p-nitrophe-
nol released per min per mg of protein.
Precipitation of lipase
The cell-free production broth obtained after 60 h
postinoculation was used for purification of lipase.
The required amount of ammonium sulfate was
added to the cell-free broth to achieve 60% (w/v) sat-
uration. The contents were mixed thoroughly and
kept over night at 48C. Thereafter, broth was centri-
fuged at 10,000  g at 48C for 10 min. The supernatant
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was discarded, and precipitates reconstituted in Tris
buffer (pH 8.5) were extensively dialyzed against the
same buffer to remove ammonium sulfate. Finally, the
lipase activity was assayed and the concentrated
lipase preparation was stored at 208C till further
use. The purification of the dialyzed lipase enzyme
was performed on an anion-exchange (DEAE-cellu-
lose) column (Amersham Pharmacia, Sweden) as
described below.
Anion exchange column chromatography
A column (12  2 cm, Vt ¼ 50.2 cm3) was packed with
preswollen DEAE-cellulose (Sigma Chem., USA). The
matrix was activated sequentially with 0.1N HCl and
0.1M NaOH. Subsequently, the column was further
washed with 0.05M phosphate buffer (pH 8.5) con-
taining 1.0M KCl. The column was equilibrated with
0.05M phosphate buffer (pH 8.5) and the dialyzed
enzyme was loaded on the column. Eluted buffer
(with proteins) was recycled three times. Twelve frac-
tions were eluted using 0.05M phosphate buffer (pH
8.5) followed by another 13 fractions that were eluted
using 0.05M phosphate buffer (pH 8.5) containing
1.0M KCl (fraction volume 3 mL). The eluted fractions
were analyzed both for the lipase activity as well as
for the total protein content. The fractions showing
lipase activity were pooled and stored at 208C. The
specific activity of the purified enzyme was compared
with that of the crude enzyme and fold purification
was calculated.
Synthesis of hydrogel
The hydrogel poly(MAc-co-DMA-cl-MBAm) was pre-
pared by copolymerizing methacrylic acid (23.6 mM)
and dodecyl methacrylate (6.85 mM) in acetone
(4 mL), in the presence of a crosslinker N,N-methylene
bisacrylamide (376 mg) and benzyol peroxide (30 mg)
as an initiator.5 The reactants were vigorously stirred
and transferred inside an airtight glass vial under vac-
uum. The vial was sealed and heated at 808C for
30 min in a water bath. Insoluble product (polymer)
was separated from the reaction mixture by filtration
to remove unreacted soluble constituents. Successive
washings with water, isoamyl alcohol, and acetone in
that order separated the unreacted compounds
trapped in the body of the polymer. The polymer was
dried completely in an air-oven at 408C for 24 h to
obtain a xerogel.
Immobilization
Purified lipase (8 mL; 35.6 U; 0.52 mg protein/mL)
was incubated with 2 g of preswollen poly(MAc-co-
DMA-cl-MBAm) hydrogel for 18 h at 48C. The matrix
was preswollen in Tris buffer (0.05M, pH 8.5) for 16 h
at 88C. The lipase-bound matrix was filtered through
Whattman No.1 filter paper. The bound lipase activity
as well as percent protein binding was determined
(by estimating unbound protein in the filtrate). Total
unbound protein in filtrate was deducted from total
protein incubated with the matrix.
Swelling capacity
Swelling capacity of the dry hydrogel (xerogel) was
determined by incubating the preweighed (50 mg)
dry matrix (xerogel) in distilled water for 1 h at
558C. The hydrogel was sedimented by centrifugation
(10,000  g for 5 min), aqueous phase was decanted
completely, and the swollen matrix (hydrogel) was
reweighed. The swollen matrix possessed 5.5 times of
its original weight.
Ester synthesis employing immobilized lipase
A reference curve was calibrated between molar con-
centration (mM) of vinyl acetate and the correspond-
ing area under the peak (retention time 0.48 min). A
sample size of 2 mL was used for GLC analysis. The
GLC (Michro-9100, Netel Chromatographs, Thane,
India) was programmed for oven temperature 1008C,
FID temperature 1608C, and injector temperature
1608C. The assay of vinyl acetate was performed on
15% SE30 Chromo WHP column (2 m  1.8 in.) using
N2 as a carrier gas (flow rate 30 mL/min).
Determination of amount of isoamyl
acetate synthesized
After the completion of esterification at specified time
interval, the reaction mixture was withdrawn (2–5 mL)
and subjected to analysis of residual vinyl acetate. The
amount of residual vinyl acetate was subtracted from
the original amount of vinyl acetate to determine the
amount of vinyl acetate consumed. The amount of
ester produced in the transesterification reaction was
considered to be equivalent to the amount of vinyl ac-
etate consumed in the transesterification reaction.
Effect of relative proportion of reactants
on isoamyl acetate synthesis
The effect of concentration and relative molar ratio of
isoamyl alcohol and vinyl acetate on synthesis of iso-
amyl acetate was determined by keeping the concen-
tration of one of the reactants (isoamyl alcohol or
vinyl acetate) at 100 mM and varying the concentra-
tion of second reactant (25–100 mM) in a reaction vol-
ume of 1 mL in n-heptane. The esterification was car-
ried out using matrix-bound lipase (20 mg) at 558C in
Teflon stoppered-glass vials for 21 h under continuous
shaking (160 rpm). The isoamyl acetate formed in
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each of the combinations of the reactants was deter-
mined by GC analysis.
Effect of increasing concentration of biocatalyst
on trans-esterification
The effect of varying concentrations of hydrogel-
bound lipase on ester formation was evaluated by
increasing the concentration of immobilized-biocata-
lyst (i.e., 20, 40, 60, and 80 mg) in the reaction mixture
comprising 100 mM each of isoamyl alcohol and vinyl
acetate in n-heptane incubated at 558C. The trans-
esterification reaction was performed for 21 h under
continuous shaking.
Optimization of incubation time on synthesis
of isoamyl acetate
The hydrogel-immobilized lipase (20 mg) was washed
twice, in 1 mL of n-heptane (solvent) at room tempera-
ture. Thereafter, the matrix was recovered by decanta-
tion of n-heptane, and used to catalyze the esterifica-
tion of isoamyl acetate. The reaction mixture (1 mL)
contained 20 mg of bound lipase, 100 mM (final con-
centration) of isoamyl alcohol, and 100 mM vinyl ace-
tate in n-heptane in a Teflon-stoppered glass vial
(5 mL capacity). The reaction mixture was incubated
at 558C in a water-bath-incubator under shaking con-
ditions (160 rpm) up to 21 h. The reaction mixture was
sampled (2 mL) in duplicate at an interval of 3 h and
subjected to analysis by GC analysis for the formation
of isoamyl acetate.
Effect of reaction temperature
Temperature for the esterification reaction was opti-
mized by carrying out the reaction at room tempera-
ture, 25, 35, 45, 55, 65, and 758C for 15 h in n-heptane
using 20 mg immobilized enzyme. The isoamyl acetate
formed in each case was determined by GC analysis.
Effect of C-chain length of solvent (alkane)
In the reaction mixture, n-heptane that was initially
employed as a solvent phase was replaced with n-alka-
nes of varying C-chain length, i.e., n-pentane, n-hexane,
n-octane, n-nonane, n-hexadecane, and n-heptadecane.
The immobilized lipase (20 mg) was added to the above-
mentioned reactionmixture to perform the esterification.
The reaction was carried out for 15 h at 558C, with con-
tinuous shaking. The isoamyl acetate formed during the
reaction was analyzed by GC analysis.
Effect of addition of the molecular sieve
on synthesis of isoamyl acetate
A molecular sieve was selected to study its effect on
the synthesis of isoamyl acetate by immobilized
lipase. To the above reaction mixture prepared in n-
heptane, varying amount (25–500 mg) of molecular
sieve was added. The esterification was carried out in
duplicate by adding 20 mg of immobilized lipase at
558C, with continuous shaking for 15 h. Isoamyl ace-
tate synthesized in each case was determined by GC.
Reusability of immobilized lipase in continuous
cycles of esterification for synthesis of isoamyl
acetate
The formation of isoamyl acetate from isoamyl alcohol
and vinyl acetate (100 mM of isoamyl alcohol and
100 mM of vinyl acetate) catalyzed by immobilized
lipase in n-heptane was use to check the retention of
catalytic (esterase) activity of hydrogel-immobilized
enzyme. The immobilized lipase was assayed for
4 cycles of 15 h each, for isoamyl acetate formation.
After each cycle of esterification, the immobilized
enzyme was washed twice for 5 min each in 1 mL n-
heptane at room temperature. Thereafter, n-heptane
was decanted and matrix was reused for fresh cycle of
ester synthesis under similar conditions.
Effect of various alcohols on synthesis
of respective acetate ester by transesterification
Various alcohols that included methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, 2-butanol, and 1-
hexanol were used instead of isoamyl alcohol to
perform transesterification using vinyl acetate (as an
acetate donor) for synthesis of respective alcohol-ace-
TABLE I








1 500 1.62 1.16
2 500 1.84 1.26
3 500 1.72 1.14
TABLE II


















Crude 500.0 1.7 850.0 1.5 750.0 1.1 1.0 100.0
(NH4)2SO4 12.0 22.5 270.0 0.6 7.2 37.5 34.1 31.8
Dialyzed 12.0 28.5 342.0 0.5 6.0 57.0 51.8 40.2
DEAE-purified 10.0 35.6 356.0 0.5 5.0 71.2 64.7 41.9
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tate ester in n-heptane at 558C for 21 h, under shaking
conditions using hydrogel-bound biocatalyst. The
amount of each of the alcohol-acetate ester was indi-
rectly determining the amount of vinyl acetate used
during the transesterification reaction.
RESULTS
Purification of B. coagulans lipase
The production broth seeded with B. coagulans pro-
duced 1.62 to 1.84 U/mL of lipase (Table I) at 60 h
postinoculation. The protein was optimally precipi-
tated at 60% (w/v) of ammonium sulfate saturation.
The precipitates reconstituted in 12 mL of Tris buffer
(0.05M, pH 8.5) were extensively dialyzed against the
same buffer. The dialyzate (12 mL) showed lipase ac-
tivity of 28.5 U (specific activity 57.0 U/mg; Table II).
The anion-exchange chromatography of the dialyzed
lipase on DEAE-Cellulose column resulted in a single
peak. The fractions showing lipase activity were
pooled and assayed for lipase and protein (35.6 U,
0.5 mg of protein/mL, specific activity 71.2 U/mg).
The anion exchange chromatography resulted in
approximately 42-fold purified lipase.
Effect of relative proportions of reactants
on esterification
The effect of varying molar concentration of each of
the reactants on ester formation was evaluated by
keeping the concentration of one of the reactants at
100 mM in n-heptane. The formation of ester was
highest when vinyl acetate and isoamyl alcohol were
used at 100 mM:100 mM in n-heptane under continu-
ous shaking condition after 21 h at 558C (Fig. 1). In the
subsequent reactions, same concentration of the reac-
tants was employed to achieve transesterification.
Amount of isoamyl acetate synthesized was estimated
from a standard profile of vinyl acetate prepared in n-
heptane.
Effect of amount of biocatalyst on isoamyl
acetate synthesis
The trans-esterification reaction with isoamyl alcohol:
vinyl acetate (100 mM:100 mM) in n-heptane was per-
formed at 558C (Fig. 2). The formation of ester re-
mained more or less the same with an increase in con-
centration of hydrogel-bound lipase under continuous
shaking condition after 21 h at 558C. In the subsequent
transesterification reactions, 20 mg of hydrogel bound
lipase was used for biocatalysis.
Kinetics of synthesis of isoamyl acetate
The effect of reaction time on synthesis of isoamyl ace-
tate using immobilized lipase was studied at a tem-
perature of 558C in n-heptane under shaking condi-
tion up to 21 h. The synthesis of the ester was time de-
pendent and a maximum amount of isoamyl acetate
(64.5 mM) was produced after 15 h of reaction when
isoamyl alcohol and vinyl acetate were used at 100 mM
each in n-heptane (Fig. 3). Thus, in subsequent reac-
tion a reaction time of 15 h at 558C was considered
Figure 1 Effect of relative proportion of reactants on syn-
thesis of isoamyl acetate.
Figure 2 Effect of amount of biocatalyst on isoamyl acetate
synthesis.
Figure 3 Effect of reaction time on synthesis of isoamyl
acetate.
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optimum to perform synthesis of isoamyl acetate using
hydrogel-bound lipase.
Effect of temperature on synthesis
of isoamyl acetate
The effect of change in the reaction temperature on
the synthesis of isoamyl acetate by immobilized lipase
was also studied. Maximum synthesis (64.6 mM) of
isoamyl acetate was obtained at 558C after 15 h (Fig. 4).
At 658C, there was a marked decrease (55.2 mM) in
the ester synthesis, which might be on account of
denaturation of the lipase. At 758C there was a further
decline (50.1 mM) in the amount of ester produced.
Effect of solvent (n-alkane) on the ester synthesis
Use of n-pentane, n-hexane, n-hexadecane, or n-hepta-
decane reduced the amount of ester formed under
similar conditions (Fig. 5). The use of n-heptane, n-oc-
tane, and n-nonane resulted in 63.7, 63.2, and 66.2 mM
of isoamyl acetate. Thus, the maximum conversion of re-
actants into ester was recorded in n-nonane (66.2 mM)
at 558C under shaking after 21 h.
Effect of addition of molecular sieve
on transesterification
The transesterification reaction resulted in formation
of water as a by-product of the reaction, and its re-
moval using a molecular sieve might enhance the syn-
thesis of ester by pushing the reaction equilibrium in
the forward direction. However, when the effect of
molecular sieve was studied by adding a molecular
sieve (25–500 mg per reaction volume), a gradual
decline (64.0–28.4 mM isoamyl acetate) in the amount
of ester formed was noticed (Fig. 6). Thus, addition of
a molecular sieve had a deleterious effect on the trans-
esterification reaction.
Reusability of immobilized enzyme
for ester synthesis
The bound lipase when repetitively used to perform
esterification at 558C under optimized conditions in n-
nonane resulted in 67.2, 50.6, 39.6, and 31.3 mM iso-
amyl acetate after first, second, third, and fourth cycle
of transesterification (Fig. 7). In each cycle transesteri-
fication was performed for 21 h.
Figure 4 Effect of reaction temperature on synthesis of
isoamyl acetate.
Figure 5 Effect of solvent (n-alkane) on synthesis of iso-
amyl acetate.
Figure 6 Effect of molecular sieve on synthesis of isoamyl
acetate.
Figure 7 Reusability of immobilized lipase for isoamyl
acetate synthesis.
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Effect of various alcohols on synthesis of
respective acetate esters by transesterification
Various alcohols that included methanol, ethanol, 1-
propanol, 2-propanol, 1-butanol, 2-butanol, and 1-
hexanol were used instead of isoamyl alcohol to per-
form transesterification using vinyl acetate (as an ace-
tate donor) for synthesis of respective alcohol-acetate
esters in n-heptane at 558C for 21 h under shaking
(Fig. 8). Use of methanol and 2-propanol resulted in
78.2 and 64.9 mM of methyl acetate and 2-propyl ace-
tate, respectively. Thus, it appeared that use of metha-
nol resulted in a relatively higher transesterification.
The recorded results indicated that there was no rela-
tionship between the C-chain lengths of the alcohol
used in transesterification reaction using B. coagulans
bound-lipase.
DISCUSSION
Lipase is a ubiquitous activity possessed by most of
the organisms. Many bacteria, fungi, and yeasts pro-
duce extracellular lipases. Newer diverse microbial
sources of lipases have been reported in the recent
years.5,23–25 In the present study an extracellular alka-
line lipase of Bacillus coagulans MTCC-6375 was puri-
fied and immobilized on to a poly(MAc-co-DMA-cl-
MBAm) hydrogel.
The purified lipase was efficiently immobilized on
hydrogel. The hydrogel-bound lipase was subse-
quently employed to synthesize isoamyl acetate and
similar esters under optimized conditions in a water
free organic solvent system. Ester synthesis in the
water-free media/organic solvents could be achieved
very easily.25–27 Thermostable lipases can overcome
the problem of degradation of lipase at high tempera-
ture. Immobilized lipases generally offer economic
incentives of enhanced thermal and chemical stability,
ease of handling, recovery, and reuse relative to non-
immobilized forms.10,28 Various features of reaction
selectivity of lipases are modulated by exogenous fac-
tors such as choice of cosubstrates/reactants, water
activity, pH, temperature, and immobilization.29–32 A
variety of fatty acid esters are now being produced
commercially using immobilized lipase in nonaqu-
eous solvents.33–35
The synthesis of isoamyl acetate in the presence of
bound lipase of B. coagulans appeared to be optimum
(61.2%) when isoamyl alcohol and vinyl acetate were
used at a concentration 100 mM:100 mM each in
n-heptane at 558C in 21 h. A relative excess molar con-
centration of either acid or alcohol would denature or
precipitate protein, and such effect would inactivate
the biocatalyst and thus would decrease the ester syn-
thesis. Also, it was likely that excess of acid might
have partially inactivated the bound lipase because of
charge alteration/charge rearrangement at the cata-
lytic site of the hydrogel-bound biocatalyst. Recently,
we have reported optimal synthesis of ethyl laurate
and ethyl propionate at an equimolar proportion of
reactants (100 mM each) in n-nonane.36,37 In another
study, effect of acetic acid concentration on esterifica-
tion reaction using lipase SP435 was studied.38 High
concentration of acetic acid (0.4 to 0.7M) inhibited
SP435 lipase activity, resulting in low conversion
yields for acetate esters. The presence of fatty acid
(acetic) can damage the hydrolytic layer-protein inter-
action of the enzyme structure causing lipase deactiva-
tion during esterification process. Thus, B. coagulans
lipase is also vulnerable to high concentration of lauric
acid in reaction medium just like other lipases. Because
of toxicity of (acetic) acid on lipase activity in enzy-
matic acetylation, the use of acids as an acyl donor in
transesterification and direct esterification reactions
was previously attempted with little or no success.20
In the esterification reaction, the hydrogel bound
lipase of B. coagulans optimally produced isoamyl ace-
tate at 558C in 15 h. However, further increase in the
reaction temperature to 65 or 758C decreased the
esterification rate. The alteration in temperature of
reaction mixture might interfere with the porosity,
hydrophobic character, and diffusion of the reactants
and/or products at the catalytic site of enzyme or
hydrogel. At temperature more than 558C, there was
no further increase in the amount of ester synthesized,
which might be on account of denaturation of the
lipase as well as alteration in the native structure of
lipase. Recently, the hydrogel-bound lipase of Bacillus
coagulans MTCC-6375 has been used for optimal syn-
thesis of ethyl laurate at 658C in 21 h.36 Also, a syn-
thetic hydrogel immobilized lipase of P. aeruginosa
BTS-2 was optimally produced ethyl propionate when
acid and alcohol was used in an equimolar (100 mM)
ratio in the reaction system.37
The use of alkanes of C-chain length shorter and
longer than n-heptane decreased the rate of esterifica-
tion. When n-alkane with a shorter C-chain length
was used as a solvent, a gradual decrease in rate of
Figure 8 Effect of various alcohols on synthesis of respec-
tive ester.
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isoamyl acetate synthesis was noticed. It was ob-
served that as the log P value of an n-alkane increased
corresponding to increase in the C-chain length of the
alkanes (log P value for n-pentane, n-hexane, n-hep-
tane, and n-nonane is 3, 3.5, 4, and 5, respectively), the
hydrophobicity of the alkane, i.e., solvent also
increased in that order, and that appeared to be very
important for modulation of catalytic activity of
hydrogel-bound B. coagulans lipase. Thus, it appeared
that choice of an appropriate solvent system was criti-
cal for the synthesis of ester using hydrogel-immobi-
lized lipase of Bacillus coagulans. A relatively higher
hydrophobicity appeared to be an important property
to be built into a synthetic hydrogel for increasing the
catalytic activity of bound lipase of B. coagulans.
Higher the log P, the more hydrophobic is the solvent.
In a recent study using hydrogel-immobilized lipase
of P. aeruginosa BTS-2, we have shown a similar effect
that resulted in an enhanced synthesis of ethyl propio-
nate in n-nonane.39 However, previously reported
lipase of P. aeruginosa was more efficient in synthesis
of ester as indicated by approximately 94% conversion
of reactants into ester. In another study, hydrogel-
bound B. coagulans MTCC-6375 lipase could achieve
61% conversion of reactants into ethyl laurate.36 This
lower conversion into ester might be due to use of a
higher carbon chain length fatty acid (lauric acid, C
12) than the one used previously (propionic acid, C 3).
It appeared that B. coagulans MTCC-6375 lipase is
inherently less efficient in performing esterification
than the Pseudomonas lipase as in the present study
approximately 64–67 mM of isoamyl acetate could be
produced by manipulating various physical and ki-
netic parameters.
Water and alcohol that are produced as by-prod-
uct(s) of the esterification or trans-esterification reac-
tion, respectively, performed by biocatalysts in organic
media have several adverse effects on the reaction and
enzyme activity/performance. Thus, accumulation of
(vinyl) alcohol as a by-product of the trans-esterifica-
tion reaction would inhibit the forward reaction
unless is simultaneously removed out off the reaction
system. Esterification of isoamyl alcohol and vinyl ac-
etate by hydrogel-immobilized lipase of B. coagulans
in the absence of a molecular sieve exhibited an
increase in amount of ester synthesized. When a mo-
lecular sieve was added in the reaction mixture, and
the effect of its concentration in the reaction system on
rate of trans-esterification by hydrogel-bound lipase
was studied, little change in the conversion of vinyl
acetate and isoamyl alcohol into isoamyl acetate was
recorded. Thus, presence of molecular sieve in the
reaction mixture was redundant to improve the trans-
esterification between isoamyl alcohol and vinyl ace-
tate. An improvement in the rate of esterification after
addition of a molecular sieve have been previously
reported for the esterification of lauric acid and gera-
niol,16 isoamyl alcohol, and propionic acid by hydro-
gel-bound lipase of P. aeruginosa BTS-236 and ethyl
laurate by hydrogel-bound lipase of Bacillus coagulans
MTCC-6375.37
The present study showed that poly(MAc-co-DMA-cl-
MBAm) hydrogel-immobilized-lipase of Bacillus coagu-
lans efficiently performed esterification of isoamyl
alcohol and vinyl acetate into isoamyl acetate at a tem-
perature of 558C, addition of molecular sieve in con-
junction with a hydrophobic matrix caused a decline
in the rate of esterification, and an equi-molar ratio of
isoamyl alcohol as well as vinyl acetate was necessary
for achieving an optimal rate of trans-esterification.
Foregoing discussion indicated that a systematic
approach could be devised on the basis of solvent en-
gineering to favor optimal synthesis of an ester of in-
terest. Many studies have shown that smaller fatty
acids are involved in inhibition of enzyme at higher
concentration. Generally, commercial enzymes must
be very rugged to remain active for prolonged dura-
tion when exposed to an adverse environment. This
study is among very few reports on the use of a syn-
thetic hydrogel bound extracellular alkaline lipase
of a moderately thermotolerant B. coagulans for the
synthesis of isoamyl acetate and a few other alcohol-
acetate esters, of short chain lengths in a water free
organic solvent system. The efficacy of this lipase to
catalyze interesterification and transesterification re-
actions in organic solvents/water restricted/con-
trolled media are still required to be explored in future
studies.
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